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Abstract 
Barley is an ancient crop and a great source of nutrients. It is the third largest 
agricultural commodity produced in Denmark and represents a relevant crop in Italy 
too. Due to the increasing customers awareness of sustainability issues, it has become 
essential to evaluate the environmental impact and the use of resources in food 
production and distribution systems. However, especially in agriculture, difficulties are 
encountered when emissions from fertilisers and pesticides need to be modelled, due 
to a variety of modelling options and their dependency on the availability of site-
specific information. How to address these difficulties might affect the results reliability. 
Hence, this study aims to evaluate, using the life cycle assessment (LCA) 
methodology, the influence of different models for estimating emissions from fertilisers 
and pesticides on the environmental impacts of barley cultivation in Denmark and 
Italy. Two models for fertilisers and pesticides’ emissions have been applied; these 
differ on the extent of data requirements and complexity of calculation algorithms, 
which might increase the results accuracy and robustness. 
The results show that the modelling options do affect the environmental impacts of 
barley production, in particular climate change, eutrophication categories, 
acidification and freshwater eco-toxicity. This study estimates that the variations for 
such categories range from 15% in the case of climate change to 89% in the case of 
marine eutrophication. These findings highlight the importance of the emission 
modelling options as well as the constraints of data requirements, critical aspects 
when a LCA study on agricultural products is carried out. 
 
Key words: Environmental impact, nitrogen and pesticide’ emissions, modelling, 
cereal crops, agricultural systems 
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1 Introduction 
Barley (Hordeum vulgare L.) is an ancient crop, extremely adaptable to climate 
conditions and genetically diverse (Jones et al., 2011; Muñoz-Amatriaín et al., 2014). It 
is also a great source of nutrients, especially in terms of proteins composition, high 
concentration of carbohydrates and fibre, among other beneficial nutrients and 
macronutrients (Baik & Ullrich, 2008). Worldwide, barley is mainly used for animal 
feedstock and malt production, and to a lesser extent for seed production and 
human consumption. 
 
Due to its characteristics, barley is the 12th most important agriculture commodity in 
the world, and Europe is the largest producer, accounting for 62% of the worldwide 
production (FAO, 2016a). In 2014, the worldwide barley production was estimated at 
146.6 million tonnes, equivalent to € 4,836 million (FAO, 2016a; FAO, 2016b). Moreover, 
according to Eurostat (2016), in 2015 the barley-cultivated area was 12,434,270 ha 
within the European Union. In the same year, the main European producer was Spain 
with 2,600,920 ha followed by France (1.764.990 ha), Germany (1,621,800 ha) and 
Poland (839.300 ha). Significant barley cultivation takes place also in Denmark 
(631,000 ha) and Italy (237,900 ha).  
 
Barley can be classified by different parameters, being the most common and simple 
classifications the end use: feedstock or malt; and by cold temperature requirements: 
spring or winter varieties (Baik & Ullrich, 2008; Anderson et al., 2013; Sullivan et al., 2013). 
Winter barley requires low temperature to grow, so it is sown in fall and harvested 
during spring and summer, while spring barley can be sown in spring, because of its 
flexibility of temperature specifications (Anderson et al., 2013). At European level, 
spring barley is more widespread respect to winter barley; in fact, it is cultivated over 
about 59% of the European agricultural area dedicated to barley (Eurostat, 2016), 
and it is usually cultivated in the Northern countries (Eurostat, 2016). Winter barley is 
more common in the Mediterranean area; for example, in Italy all the barley area is 
dedicated to winter barley while in France it is only 74% of the area. Barley is the third 
largest agricultural commodity produced in Denmark, which accounted for 3.95 
million tonnes in 2013, with a net production value of €135.6 million (FAO, 2016a). 
Although Italy does not have as largest barley production as Denmark, their 
production is relatively high with around 846,142 tonnes by 2014 (Eurostat, 2016). 
 
In the last decades, consumer awareness related to sustainability issues has 
significantly increased, and it is expected that consumers would include ecological 
and ethical aspects in their purchasing decision-making processes in the near future 
(Pluimers 2001; Poritosh et al. 2009). For this reason, it is essential to provide them with 
reliable information on the environmental impact and the use of resources in food 
production and distribution systems. Among all sectors, agriculture has the strongest 
interaction with nature (Bannayan et al. 2011a,b; Bannayan & Sanjani 2011), and in 
regions where intensive agriculture is carried out, the contribution of farming systems 
to the degradation of the environment has been increasingly investigated (Basset-
Mens et al. 2006).  
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Life Cycle Assessment (LCA) plays a key role in the quantification of the potential 
environmental impacts associated with agricultural production (Notarnicola et al., 
2017). Within the crop sector, LCA has been used to quantify the environmental 
performances of different agricultural systems, such as kiwifruit (Nikkhah et al. 2016), 
peanut (Nikkhah et al. 2015), legumes (Haugaard-Nielsen et al. 2016), wheat (Laratte 
et al. 2014, Noya et al., 2015; Fantin et al., 2017), rice (Fusi et al., 2014; Bacenetti et al., 
2016a; Fusi et al. 2017, Khoshnevisan et al, 2014, Hayashi et al. 2016), maize (Boone et 
al. 2016, Bacenetti & Fusi, 2015; Bacenetti er al., 2016b). Several LCA studies have 
recently quantified the environmental impacts arising from barley production in the 
Scandinavian countries, focusing on the effects of climate change on future barley 
cultivation for malting in Denmark (Dijkman et al., 2017; Niero et al., 2015a,b), on the 
influence of system boundaries definition (Roer et al., 2012), and regional variation in 
climate and soil organic carbon (SOC) decay of various crops production including 
barley in Norway (Korsaeth et al., 2014). Moreover, LCA has proved to be useful in 
forecasting the environmental impacts between conventional and organic barley 
production in Italy (Fedele et al., 2014) as well as evaluating the life cycle 
environmental profile of different fodder crops, including barley (Bartzas et al., 2015; 
González-García et al., 2016), and substrates for bioethanol production (Lechon et al. 
2005) under Spanish conditions.   
 
Historical reasons have driven the interest in the assessment of the environmental 
performance of barley in Denmark and Italy. The production of barley (and wheat) in 
Northern Europe caused the expansion of cropping areas into formerly un-cropped 
areas, such as grazing lands and permanent grasslands as well as removal of small 
woodlands. During the 80s, farmland trees were reduced by around 87%. 
Intensification of cropping has resulted in increased use of pesticides, with impacts on 
both pests and non-target wildlife, and also on human health. Moreover, increasing 
use of fertilisers has resulted in nutrient loss and contamination of ground and surface 
water through leaching and run-off (Hendy et al., 1995). More generally, the 
environmental impacts associated with arable farming in European countries include 
damage to, and removal of soil, the pollution of water sources, and impacts upon 
biodiversity (Bunzel et al., 2015; Drasting et al., 2016). The deterioration in arable 
ecosystems is also reflected in the aesthetic quality of the arable landscape (EC, 
1999). 
 
One of the main challenges of assessing the environmental performance of agri-food 
system is modelling emissions from pesticides and fertilisers at inventory analysis 
(Goglio et al., 2014; Notarnicola et al. 2017). A recent review of LCA studies on cereals 
performed by Renzulli et al. (2015) pointed out that emissions from fertilisers 
application are in most cases quantified by the IPCC method (IPCC, 2006) and to a 
lesser extent by other methods, considering the influence of climatic conditions and 
cultivation practices, such as the one proposed by Brentrup, et al. (2000). For the 
estimation of emissions from pesticides, the typical difficulty encountered by LCA 
practitioners is to quantify the proportion of pesticides emitted to the different media 
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in the ecosphere (i.e. air, soil, water), since usually only the amount applied to the 
agricultural field is known (Rosenbaum et al. 2015). Currently a number of inconsistent 
approaches and assumptions are applied in quantifying life cycle emission inventories 
of pesticides, and so since 2013 a consensus process has been underway to provide 
recommendations on a consistent accounting of emissions from pesticide and impact 
assessment in LCA (DTU-MAN-QSA, 2016). 
 
The extensive application of plant protection products (mainly herbicide and 
pesticides) in combination with wrong agricultural practices could result in 
environmental issues such as contamination of natural resources and risks for human 
health (Capri et al., 2007). To reduce exposure from pesticides, the EU Directive on the 
Sustainable Use of Pesticides (EU128/2009/EC) has been recently revised, and 
considerable research efforts have been spent to assess the link between attitudes, 
adoption of self-protective behaviours and exposure (Remondou et al., 2015); and 
also to assess environmental and human exposure to chemicals (Ciffroy et al., 2016; 
Sociu et al, 2016). However, environmental threshold values – that are so key element 
in risk assessment – are not accounted for in LCA studies and therefore this aspect 
should be carefully considered by LCA practitioners while addressing the impact of 
pesticide on human health and ecosystems.  
 
The implications of choosing different fertiliser and pesticide emissions models on the 
LCA of agricultural products have been discussed for wheat, maize and rice 
(Bacenetti & Fusi, 2015; Bacenetti et al., 2016a; Bacenetti er al., 2016b; Fantin et al., 
2017; Fusi et al., 2014; Fusi et al., 2016). However, there are no studies addressing the 
influence of the estimation of fertiliser and pesticide emissions models for barley. 
Therefore, the aim of this study is to investigate the influence on the environmental 
impacts of the application of different models to estimate the emissions from fertilisers 
and pesticides for barley, considering two cases: Denmark and Italy. This study aims 
to provide recommendations for LCA practitioners in the agri-food sector on how to 
address the lack of site-specific data while striving to provide reliable LCA results. 
 
 
2 Materials and Methods 
The environmental impacts of barley production have been assessed using the LCA 
methodology and following the ISO 14040-44 standards (ISO, 2006a; b). The goal and 
scope definition is discussed in section 2.1, meanwhile the life cycle inventory (LCI) is 
reported in sections 2.2 (system description) and 2.3 (allocation). The life cycle impact 
assessment (LCIA) and sensitivity analysis are discussed in sections 2.4 and 2.5, 
respectively.  
 
2.1 Goal and Scope Definition 
The aim of this study is to evaluate the influence of two different models for fertiliser 
and pesticide emissions on the environmental assessment of barley production, using 
Danish and Italian barley as case studies. Hence, a further goal is to estimate the 
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environmental impacts of barley production as feedstock in Denmark and Italy. The 
outcomes of the study are aimed at barley producers and LCA practitioners. 
 
The functional unit is defined as ‘the production of 1 tonne of DM (dry matter) barley 
used as feed grain’. The scope of the study is from ‘cradle to farm gate’ including the 
agricultural field operations; the production of agricultural inputs (i.e. diesel fuel, 
fertilisers, pesticides, seeds); transport and drying process as well as the emissions from 
fertilisers and pesticides application. Figure 1 summarises the system boundaries, 
including the agricultural stages and the main inputs and outputs.  
 
 
Figure 1 System boundaries of barley life cycle, for both Danish and Italian case studies 
 
2.2 Life Cycle Inventory  
In order to facilitate the understanding of the influence of fertiliser and pesticide 
emissions models, the life cycle stages are grouped as follows: 
 Agricultural field operations (including ploughing, harrowing, sowing, chemical 
weed control, harvesting, straw baling); 
 Seeds, fertilisers and pesticides production; 
 Grain drying; 
 Nitrogen and phosphate (fertilisers)’ emissions; and 
 Pesticides emissions. 
 
Each sub-system is detailed in the following sections including the field operations and 
agricultural inputs for each country; moreover, Table 1 and Table 4 summarise the 
inventory of the systems.  
 
2.2.1 Agricultural Field Operations 
This sub-system includes the field operations carried out in the production of barley, 
the production, maintenance and disposal of capital goods (tractor and implements) 
Ploughing 
Harrowing 
Sowing 
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fertilisers 
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of pesticides 
Harvesting 
Transport to 
drying facility 
• Tractors and trailer 
• Diesel  
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Grain drying  
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Harrowing 
Sowing 
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Schmidt Rivera et al. (2017) Science of the Total Environment 592, 745–757 
http://dx.doi.org/10.1016/j.scitotenv.2016.11.18 
6 
 
as well as the diesel use and combustions emissions. As seen in Figure 1, the first activity 
is soil tillage (ploughing and harrowing) for both systems, however in the case of Italy, 
organic fertilisation is applied previously; the next operation is sowing, carried out in 
both systems. After this, fertilisation by broadcaster is applied and pest/weed control 
is carried out using herbicides (1 and 2 interventions in Denmark and in Italy, 
respectively). Finally, the grains are harvested and transported to the drying/storage 
facilities, while the straw is bailed and sold. The background information has been 
sourced from Ecoinvent V.3.1 (Nemecek and Kägi, 2007). Table 1 details the 
inventories and data sources of both systems. 
 
In terms of transport, it is assumed that the drying facility is within the farm limits, so the 
distance between the fields and the drying/storage facilities is assumed 1 km, for both 
barley production systems.  
 
2.2.2 Seeds, Fertilisers and Pesticides Production 
As seen in Figure 1, these sub-systems consider critical inputs materials required in the 
production of barley. The main components are seeds, fertilisers (N, P, K), animal slurry 
and pesticides (herbicides, fungicides and insecticides). The detailed quantities and 
specifications for each system are summarised in Table 1. 
 
Finally, the transport and packaging of seeds, pesticides and fertilisers are not 
included in the system boundaries because of lack of data. This is not deemed a 
limitation as some other studies found their contribution to be insignificant (e.i. Cellura 
et al., 2012). 
 
2.2.3 Grain Drying 
This is the last stage of the production chain, where the grains are transported from 
the fields to the drying facility to be dried until their moisture content is 14% 
(commercial moisture). The drying process considers the fuels consumption and the 
production and maintenance of drying machinery, sourced from Ecoinvent. In the 
case of Italian barley, due to climatic conditions, drying is not required because the 
grain already has the commercial moisture after harvested. 
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Table 1 Life cycle inventory of agricultural practices and inputs for both Danish and 
Italian case studies [quantities are shown per hectare cultivated (ha); the unit “rep” 
refers to the number of repetitions] 
 
Inputs Unit Denmark Italy 
Yield:    
  Grain t/ha 5.45 a 5.05 b 
  Straw t/ha 4.52 c 4.21 c 
Agricultural field operations:    
  Ploughing rep 1 d 1 b 
  Harrowing by rotary harrow rep 1 d 1 b 
  Sowing rep 1 d 1 b 
  Fertilising by broadcaster rep 1 d 1 b 
  Slurry spreading rep 1 d 1 b 
Pest control application by field                     
sprayer 
rep 1 d 2 b 
  Harvesting rep 1 d 1 b 
  Bailing rep 1  1 b 
  Transport (tractor and trailer) rep 1 d 1 b 
Grain drying rep 1 d - 
Seeds kg/ha 116 d 190 b 
Fertilisers:    
  Calcium Ammonium Nitrate (CAN) kg N/ha 34 d - 
  Ammonium Nitrate kg N/ha - 70 b 
  Pig slurry kg N/ha 34 d 45 b 
  Dairy cattle slurry kg N/ha 44 d - 
Pesticides:    
  Tribenuron-methyl g/ha  7.50 d 12.5 b 
  Pyraclostrobin g/ha  62.5 d - 
  Tebuconazole g/ha  62.5 d - 
  Pirimicarb g/ha 62.5 d - 
  Difensulfuron g/ha - 12.5 b 
  Bromoxinil g/ha - 238 b 
  2,4 D g/ha - 238 b 
a Source: Statistics Denmark (2010-2014): 5 years average 
b Source: Farms surveys and Italian granary association, AIC (2016) and Associazione Granaria di Milano 
(2016) 
c Calculated from HI and round baler efficiency 
d Source: Niero et al. (2015b) 
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2.2.4 Emissions from Fertilisers and Pesticides  
The development and analysis of the life cycle inventory, second stage of the LCA 
framework (ISO, 2006a; b), is very critical for an LCA study. The accuracy, robustness 
and reliability of the results depend on the quality and representativeness of the data. 
Hence, the accountability of not only the material and energy input-outputs flows, 
but also the emissions are crucial. That is why, in the case of agri-food systems, the 
high variability and lack of consensus in terms of critical variables as fertilisers and 
pesticides modelling options need to be studied, and hopefully best practices will be 
set soon. A specific review (Error! Reference source not found.2) considering: a) LCA 
studies on barley; b) the latest barley and other crops LCA studies published by 
STOTEN; and c) some of the latest published LCA studies including crops and agri-food 
systems, showed that IPCC (2006) is the most common model used to estimate  
emissions from fertilisers. For pesticide emissions models, the most interesting finding is 
the lack of transparency, since more than half of the studies did not specify whether 
and how pesticides emissions were considered and/or quantified.  
 
 
 
 
Figure 2 Summary of the rapid evidence assessment of the fertiliser and pesticide emissions 
models use in Agri-food LCA studies [in the figure, PestLCI refer to both PestLCI 2.0 and 
PestLCI] 
This study considers two scenarios, named baseline (BS) and alternative (AS) scenarios, 
which examine two models to calculate emissions from fertilisers and pesticides, 
respectively. The selected models for fertilisers’ emissions are IPCC (2006), i.e. the most 
IPCC (2006)
Bentrup (2000)
Other
Not mentioned
PestLCI
Margni (2002)
Other
Not mentioned
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used fertilisers’ emission model in agricultural LCA (Renzulli et al. 2015), and a more 
detailed model proposed by Brentrup (2000), which is increasingly used by LCA 
practitioners (see Figure 2). 
 
For pesticide emissions in LCA, the most simplified approaches assume that pesticides 
are entirely emitted in the soil compartment, as it is done in one of the most used LCA 
databases, i.e. Ecoinvent (Nemecek and Kägi 2007) or that 85% is release to soil, 10% 
run-off from the soil into the water, 5% to crops, and 10% to air (Margni et al., 2002; 
Audsley et al., 2003). This last approach has been used in a large number of 
agricultural LCA studies (see Figure 2). A different approach is considered by PestLCI, 
a model for estimating field emissions of pesticides based upon fate and exposure 
modelling principles as applied in relation to risk assessment of single chemical 
substances (Birkved and Hauschild, 2006). PestLCI and its latest version, PestLCI2.0, 
estimate emissions to three general environmental compartments: air, surface water 
and groundwater. PestLCI2.0 considers that after the primary distribution of pesticides 
over leaves and soil has taken place, then three secondary fate processes on leaves 
occur: volatilization, degradation and uptake, as explained in details by Dijkman et 
al. (2012). The use of PestLCI2.0 has recently increased for LCA of cereals, i.e. barley 
(Niero et al. 2015a,b, Dijkman et al. 2017), wheat and maize (Bacenetti et al. 2014, 
Fantin et al. 2017).  
 
From LCA practitioners´ point of view, the main differences between the methods are 
the level of detail information in terms of on-site data required to apply each of them. 
The baseline scenario (BS), IPCC (2006) and Margni et al. (2002), does not require 
detailed on-site data to be applied, just the amount of fertilisers (N, P, K) and 
pesticides (active ingredient). Meanwhile the alternative scenario (AS), Brentrup et al. 
(2000) and PestLCI 2.0 (Dijkman et al. 2012), depends on site-specific information (e.i. 
type of soil, temperatures, wind, etc.), which is not always easy to obtain. However, 
estimations based on site-specific information are supposed to be more accurate. 
Table 2 summarises the scenarios and models included in this study while a detailed 
description of each is explained below. 
 
Table 2 Scenarios and the fertilisers and pesticides emissions models used 
 
Scenarios Fertiliser emissions model Pesticide emissions model 
Baseline (BS) IPCC (2006) Margni et al. (2002)  
Alternative (AS) Brentrup et al. (2000) PestLCI 2-0 (Dijkman et al. 2012) 
 
 Fertiliser Emissions Models  
The information required to apply the algorithms defined by the IPCC (2006) is the 
nitrogen content in the organic and mineral fertilisers applied, while the model 
developed by Brentrup et al. (2000) requires specific on-site information in order to be 
applied, such as: 
1. The temperature, precipitation and the wind speed at the time of distribution 
of the fertiliser; 
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2. The time between the fertilisers distribution and its incorporation into the soil; 
3. The soil characteristics (e.g. texture, pH, soil organic matter, cation exchange 
capacity, etc.); 
4. Summer and autumn rainfall; and 
5. The content of nitrogen in the harvested grain and co-product. 
 
In this model, the calculation of nitrogen emissions is based on the difference between 
the N supplied and the N absorbed, the characteristics of the soil, the climate 
conditions, the type of fertilisers used and the application method. The list of input 
parameters for the Danish and Italian cases is reported in Table 3. The software EFE-So 
(2015) has been used to calculate the emissions defined by Brentrup’s algorithms.  
 
Very often, all or part of the data listed above are not available to LCA practitioners, 
and it is therefore necessary to use a simplified model, like the one proposed by the 
IPCC (2006), which only requires to the nitrogen content in the organic and mineral 
fertilisers applied. 
 
 
Table 3 List of main input parameters included in the model by Brentrup et al. (2000) 
 
Parameter Denmark Italy 
Characteristics of the 
organic fertiliser 
Pig slurrya: dry matter 
content 1.89%, pH 7.5, 
total N content 2.43 kg·t-1, 
ammonia content 0.75 
kg·t-1, P content 2.1 kg·t-1; 
high infiltration rate 
Pig slurrya: dry matter content 
1.89%, pH 7.5, total N content 
2.43 kg·t-1, ammonia content 
0.75 kg·t-1, P content 2.1 kg·t-
1; high infiltration rate 
Air temperature during 
spreading 
5-10°C 10-15°C 
Soil texture Medium texture Medium texture 
Rainfall after the 
spreading 
5 mm No rain in the first 3 days 
Atmospheric deposition 
of N 
15.6 kg∙ha-1 during crop 
cultivation 
22.5 kg∙ha-1 during crop 
cultivation 
N content in grain 1.9% of dry matter b 1.9% of dry matter b 
N content in straw 0.6  0.7 of dry matter b 
Rainfall in winter season 800 mm 370 mm 
NH3 emission factor for 
mineral fertilisers 
CAN: 1% of total applied 
mineral N c 
Ammonium nitrate: 2% of 
total applied mineral N c 
a Source: Lijò et al., (2014) and Lijò et al., (2015) 
b Source: Baldoni and Giardini (2000) 
c Source: Brentrup et al. (2000). 
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For both scenarios, phosphate emissions into water were calculated following 
Nemecek and Kägi (2007). Two different phosphorus emissions into water were 
considered: leaching into the ground water and run-off into surface water. 
 
 Pesticide Emissions  Models  
In their study, Margni et al. (2002) proposed the share percentages by which the 
active ingredient of pesticides should be multiplied in order to obtain their distribution 
into the plant, soil, water and air compartments, i.e. 5%, 76.5%, 8.5% and 10%, 
respectively. While this approach is quite easy to implement, the application of 
PestLCI 2.0 requires much more data. Such information relates to: 
1. Pesticide type; 
2. Crop type and stage of development of the crop (e.g. leaf development, 
tilling, booting/senescence); 
3. Soil type and climate; 
4. Month of application; and  
5. Application method. 
 
The list of input parameters and output from the application of these methods on the 
baseline and alternative scenarios are displayed in Table 3 and Table 4, respectively. 
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Table 3 List of main input parameters used in the PestLCI 2.0 model 
 
Denmark Italy
  
Pesticide Crop  
development 
stage 
Soil type  Climate Pesticide Crop 
development 
stage  
Tribenuron-
methyl 
Cereals I - leaf 
development 
JB-6 (Sandy 
loam, 1324 
Vinderslev DK) 
02 - Temperate 
maritime I: 
Tranebjerg (DK) 
Tribenuron-
methyl 
Cereals I - leaf 
development 
Picoxystrobin Cereals II - 
tillering 
JB-6 (Sandy 
loam, 1324 
Vinderslev DK) 
02 - Temperate 
maritime I: 
Tranebjerg (DK) 
Thifensulfuron-
methyl 
(Difensulfuron) 
Cereals I - leaf 
development 
Tebuconazole Cereals IV - 
booting/senes
cence 
JB-6 (Sandy 
loam, 1324 
Vinderslev DK) 
02 - Temperate 
maritime I: 
Tranebjerg (DK) 
2, 4 D Cereals II - 
tillering 
Pirimicarb Cereals IV - 
booting/senes
cence 
JB-6 (Sandy 
loam, 1324 
Vinderslev DK) 
02 - Temperate 
maritime I: 
Tranebjerg (DK) 
Bromoxynil Cereals II - 
tillering 
 
Table 4 Fertiliser and pesticide emissions models used in the baseline (BS) and alternative (AS) scenarios, both for Denmark and Italy
 
  Denmark 
  BSa [kg/ha] ASb [kg/ha] BSa [kg/ha] 
  Air Soil Water Air Soil Water Air Soil Water
Fertilisers' 
emissions 
NH3 23.19 - - 7.02 -  - 31.41 - 
N2O 2.64 - - 2.03 -  - 3.12 - 
NO3  - - 161.21  0 -  -  - - 
PO4  - - 
0.299 (gw) 
1.276 (sw)  - -
0.299 (gw) 
1.276 (sw) 
 - 
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2.568 
(sw) 
Pesticides' 
emissions Tribenuron-methyl  7.50E-4 6.38E-3 
7.50E-4 
(gw) 6.93E-5 - 1.86E-4 (gw) 1.25E-3 9.56E-3 1.06E-3 2.13 E-4 - 
17.5E-4 (gw) 
7..25E-5 (sw) 
 
Pyraclostrobin 6.25E-4 - 6.25E-4 (gw) 2.39E-4 - 
7.97E-6 (gw) 
1.46E-7 (sw) - - -  - - - 
Tebuconazole 6.25E-4 5.31E-2 6.25E-4 (gw) 1.79E-5 - 
2.20E-9 (gw) 
1.23E-6 (sw) 
 
- - -  - - - 
Pirimicarb  6.25E-4 5.31E-2 6.25E-4 5.77E-5 - 1.89E-8 (gw) 1.50E-5 (sw) - - -  - - - 
Thifensulfuron-
methyl 
(Difensulfuron) 
- - - - - - 1.25 E-3 9.56 E-3 1.06E-3 2.13E-4 - 17.5E-4 (gw) 8.0E-5 (sw) 
2, 4 D - - - - - - 28.0 E-3 214 E-3 23.8E-3 1.29E-3 - 1.34 (gw) 39.2E-4 (sw)  
Bromoxynil - - - - - - 28.0E-3 214 E-3 23.8E-3 3.36 - 0.11 (gw) 2.16E-3 (sw) 
a Fertilisers sourced from IPCC (2006) and pesticides from Margni et al. (2002)  
b Fertilisers sourced from Brentrup et al. (2000) and pesticides from PestLCI 2.0 (Dijkman et al. 2012) 
gw = groundwater; sw = surface water 
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2.3 Allocation 
Besides barley grain, the cultivation phase originates as a co-product, straw. The latter 
is usually chopped and incorporated into the soil to improve quality, but it could also 
be used as animal bedding or for energy generation. Consistently with other LCA 
studies facing multi-functionality in agriculture (e.g. Andersson, 2000; Fallahpour et al., 
2012; Fusi et al., 2014), an economic-based allocation method has been 
implemented. Table 5 reports the market prices and the allocation factors considered 
for each co-product.  
The amount of straw produced was calculated considering a Harvest index (HI) of 
0.48, according to Baldoni and Giardini (2000). Considering that the basal portion of 
barley culms cannot be collected, only 85% of the straw produced has been 
considered collectable. Besides this, 90% collection efficiency has been taken into 
account for round-baler. Therefore, only 76.5% of the straw is collected. Table 5 
summarises the allocation factors use in the Danish and Italian cases. 
 
Table 5 Prices and economic allocation factors for straw for Danish and Italian case 
studies 
 
Parameter Denmark Italy 
Average barley grain price [€/t]  179 a 180 c 
Average straw price [€/t]  24 b  70 b 
Allocation factor barley grain [%] 90 76 
Allocation factor barley straw [%] 10 24 
a 1.335 DKK/kg 5 years average (2010-2014) (Statistics Denmark), conversion rate 1€=7.44 DKK (XE, 2016). 
b 0.179 DKK/kg 5 years average (2010-2014) (Statistics Denmark)  
c Source: AIC (2016) 
 
2.4 Life Cycle Impact Assessment  
The impact assessment has been estimated according to ILCD 2011 methodology 
v1.05 (Hauschild et al. 2013), using SimaPro software (PRé Consultants, 2015). Emissions 
from fertilisers’ application are particularly relevant for impact categories such as 
acidification (NOx, NH3) and eutrophication (NOx, NH3, NO3, PO4) (Renzulli et al. 2015), 
meanwhile emissions from pesticides application influence the toxicity-related impact 
categories. Moreover, field emissions from fertilisation (N2O) affect the greenhouse 
gas (GHG) emissions (Peter et al., 2016) and therefore climate change impact 
category. However, since this study also seeks to assess the environmental impacts of 
Danish and Italian barley as feedstock, a full set of impacts are assessed:  climate 
change (CC, kg CO2 eq.), ozone depletion (OD, kg CFC-11 eq.), human toxicity, 
considering both cancer effects (HT-c, CTUh) and non-cancer effects (HT-nc, CTUh), 
photochemical ozone formation (POF, kg NMVOC eq.), terrestrial acidification (TA, 
molc H+ eq.), terrestrial eutrophication (TE, molc N eq.), freshwater eutrophication (FE, 
kg P eq.), marine eutrophication (ME, kg N eq.), freshwater ecotoxicity (FET, CTUe), 
mineral, fossil & renewable resource depletion (MFRD, kg Sb eq.). 
 
Schmidt Rivera et al. (2017) Science of the Total Environment 592, 745–757 
http://dx.doi.org/10.1016/j.scitotenv.2016.11.18 
15 
 
2.5 Sensitivity analysis and validation  
To test the robustness of the LCA results two sensitivity analyses (SCs) were performed 
to address the following issues: 
 Scenario analysis 1 (SC1) - Influence of fertiliser type. This scenario uses only 
mineral fertilisers (100%) to assess how the different models are affected, and 
therefore how the environmental impacts would change if organics fertilisers 
were not used (Bacenetti et al., 2016b; Fusi et al., 2016); and 
 Scenario analysis 2 (SC2) - Inclusion of NOx emissions. This scenario aims to 
explore how NOx would affect the environmental impacts of the different 
cases. NOx emissions are modelled according to Hamelin et al. (2012).  
 
Furthermore, the environmental impacts estimated in this study, for both Danish and 
Italian barley, are validated in section 3.3 through a comparison with available 
secondary data of average barley producers in several European countries. 
 
3 Results and Discussion 
The results of the environmental impacts assessment of the Danish and Italian barley 
production are discussed in Section 3.1, meanwhile the results of the sensitivity 
analyses are reported in Section 3.2, where first the influence of the type of fertilisers is 
assessed (SC1), and then the NOx emissions are evaluated (SC2). Finally, a validation 
and comparison of the results is carried out (section 3.3.). 
 
3.1 LCA of Danish and Italian Barley Production Using Baseline and Alternative 
Modelling Options 
This section analyses the influence of the fertilisers and pesticides’ emissions models on 
the environmental impacts of two barley production systems: Danish and Italian. First, 
the results for the Danish system will be discussed, followed by the Italian system, both 
comparing the baseline and alternative scenarios.  
 
3.1.1 Danish Barley Production  
As seen in Figure 3, only five impacts, CC, TA, TE, ME and FET, are affected by the two 
modelling options; CC is the slightest affected, with variations of 7%, mainly due to 
reductions in N2O emissions from fertilisers (Nitrogen emissions) when the alternative 
model (AS) is used. In the case of TA and TE, both decrease by 58% and 61%, 
respectively. These impacts are mainly driven by the ammonia emissions (NH3) from 
fertilisers (nitrogen emissions), which are reduced by 66% when AS is emplaced. The 
fourth impact is ME, here AS shows higher values (89%), due to reductions of the 
estimated nitrogen emissions from fertilisers, in particular nitrate (NO3) and ammonia 
(NH3), which decrease by 96% and 66%, respectively. Finally, FET experiences 
reductions of 24%, due to the pesticides’ emissions decrease by 85% with AS.  
 
Figure 3 also shows the contribution of the different life cycle stages to the Danish 
barley production. Fertilisers’ production and field operations stages are the main 
contributors across all impact categories, in accordance with previous LCA studies on 
Danish barley (Niero et al. 2015b, Dijkman et al. 2017). The former plays a main role in 
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HTnoc, POF and MFRD, being responsible for more than half of the impacts (65% on 
average). Agricultural field operations are also important contributor of HTc and ODP 
(30%). Moreover, the fertilisers’ production stage has a great impact on HTc (56%), OD 
(56%), CC (45%) and POF (43%), and an important contribution in MFRD (32%) and FET 
(38%).  
 
Although the field operations stage is not affected by the modelling options, this stage 
is one of the major contributors to all the environmental impacts, in particular in those 
affected by diesel use and its combustion; for instance, the field operations are 
responsible for 80% of HTnc, 50% of POF and around 66% of MFRD. Finally, this stage is 
important in OD and HTc (30% each) as well as in CC (16%) and FET (~20%). In the case 
of Danish barley, the field operations include ten activities, but only five of them 
account for ~95% of the impacts caused by this stage. Harrowing and ploughing are 
the greatest contributors with an average contribution of 33% and 24% across all the 
impacts. Then, fertiliser’s application and harvesting are responsible for on average 
15% and 17% of the impacts of the stage. Finally, sowing and harrowing add on 
average 6% of the impacts. The other operations contribute less than 1% each. 
 
As mentioned, fertilisers’ emissions also play an important role; specifically, this stage 
influences CC, TA, TE and ME. Their contribution and variation due to modelling have 
been already explained. Moreover, emissions from pesticides only influence FE (24%) 
when the baseline model (BS) is used. 
 
Phosphate emissions only affect FE, being the main contributor with 74%; it is important 
to remark that phosphate emissions are not affected by the two modelling options. 
 
Overall, seeds production does not show an important contribution to any impact 
except for FET, where adds ~26% of the impacts. Similar, grain drying slightly influences 
the results, with contributions fluctuating from 0% to 11%. Finally, pesticides production 
shows a negligible contribution, with less than ~1% across all the impacts 
 
3.1.2 Italian Barley Production  
Figure 4 shows the results of the baseline (BS) and alternative (AS) scenarios of winter 
barley grown in Italy. The same five impact categories (CC, TA, TE, ME and FET) as in 
Danish case are affected by the two modelling options. AS shows lower values 
compared to BS, with reductions ranging from 16% (CC) up to 85% (ME). Nitrogen 
emissions from fertiliser’s application, namely N2O, NH3 and NO3, are lower when the 
model by Brentrup et al. (2000) is adopted instead of the IPCC one (2006). In turn, the 
latter determines lower impact in CC, TA (-24.1%), TE (-24.2%%) and ME. In addition, a 
decrease of 45% is highlighted in the FET category, due to the pesticides emissions 
drop in AS. 
 
From the hotspots analysis also shown in Figure 4, fertilisers’ emissions (both N and P) 
and field operations are the main contributors. The former plays a critical role in CC, 
TA, TE, FE and ME, where their contribution is, respectively, 49% (BS) and 39% (AS), 92% 
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(BS) and 89% (AS), 91% (BS) and 89% (AS), 97% (BS and AS), and 89% (BS) and 27% (AS). 
The field operations stage is the main contributor to the impacts affected by diesel 
combustion, such as CC (36% and 43% in BS and AS respectively), OD (86%), HTc (68%), 
HTnc (92%), POF (92%) and MFRD (92%). The field operations stage includes nine major 
activities, the most relevant of which are: harrowing, with an average impact of 26%, 
fertiliser application, accounting for 22% of the impacts and ploughing which 
contributes on average 16%.  
 
Pesticides’ emissions only influence FET (45%) when the baseline model is used. Seeds 
production only affects FET, where it adds 30% (BS) or 45% (AS). The same goes for 
fertilisers’ production, the contribution of which is maximum 17% in HTc. Grain drying 
and pesticides production play a negligible role in all the impact categories taken 
into account. 
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Figure 3 Comparison of the environmental impacts of the baseline (BS) and alternative (AS) scenarios for the Danish (DK) barley 
production [Results are scaled to fit, factors in x-axis should be multiplied by values of each impact; impacts acronyms can be seen 
in section 2.4] 
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Figure 4 Comparison of the environmental impacts of the baseline (BS) and alternative (AS) scenarios for the Italian (IT) barley 
production [Results are scaled to fit, factors in x-axis should be multiplied by values of each impact; impacts acronyms can be seen 
in section 2.4] 
Schmidt Rivera et al. (2017) Science of the Total Environment 592, 745–757 
http://dx.doi.org/10.1016/j.scitotenv.2016.11.18 
20 
 
3.2 Sensitivity Analyses 
This section shows the results estimated from the two sensitivity analyses carried out. 
First, the influence of type of fertiliser (SC1) is discussed, followed by the influence of 
accounting NOx emissions (SC2).  
 
3.2.1 SC1: Influence of Type of Fertiliser (100% mineral fertiliser)  
 Danish Barley Production  
As shown Figure 4a, when only mineral fertilisers are used and the system is analysed 
using BS model, five impacts decreased their score: CC (1.5%), ME (2%), TA (34%), TE 
(36%) and FE (39%). Small reductions in the estimated nitrous oxide (N2O) emissions 
(5%) directly influence the slight variations in CC and ME; alike, the greatest reductions 
in the estimation of ammonia (NH3) (41%) and phosphate (52%) are the main 
responsible for the larger improvements in acidification and eutrophication related 
impacts (TA, TE, FE and ME). 
 
When AS is emplaced (see Figure 5a), although the same impacts are affected, the 
changes are different. The increment in nitrous oxide emissions by 6%, directly affects 
climate change, which increases by 1.5%. Similarly to BS, ammonia (NH3) and 
phosphate emissions are much lower when only mineral fertilisers are applied. 
However, AS estimates much lower emissions (84% and 52%, respectively) than BS, 
notably decreasing the acidification and eutrophication. Specifically, TA decreases 
by 50% while TE and FE cut down by 57% and 39%, respectively. Finally, although 
slightly, ME impact score improves by 11%. 
 
 Italian Barley Production  
The results of this sensitivity analysis are shown both for BS and AS modelling options in 
Figure 4b. The adoption of only mineral fertilisers determines an increase of 13% (and 
31% in AS), 16%, 46% and 9% (and 17% in the AS) in the categories of CC, OD, HTc and 
FET, respectively. Such variations are mainly due to the higher energy requirement for 
producing mineral fertilisers rather than using manure. On the other hand, the 
application of mineral fertilisers entails a reduction of the environmental impacts in 
HTnc, TA, TE, FE and ME. The reduction of these impacts ranges from 8% (HTc) to 73% 
(FE) both in the baseline and the alternative-modelling scenario. The TA and TE 
categories improve by approximately 55% and 79% in the baseline and the alternative 
scenario respectively, while ME decreases by 28% and 26%. This is due to a reduction 
of the N emissions associated with mineral fertilisers application. 
 
3.2.2  SC2: Inclusion of the NOx Emissions  
 Danish Barley Production  
Figure 4a shows the sensitivity analysis of the inclusion of NOx emission and the 
influence on the Danish barley production. Similar as the previous analysis, the NOx 
model only affects four impact categories: POF, TA, TE and ME. In the case of BS, the 
greatest increment is seen in POF, where the NOx emissions deteriorate this impact by 
18%. The other three impacts, TA, TE and ME, are less affected, increasing by less than 
3%, as NOx has lower influence on these impacts. Alike, when AS is analysed the 
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complementary NOx emissions affect the same impacts as before, however on 
different magnitudes; the only exception is POF, where the increments are the same, 
18%. In the case of TA and TE, the inclusion of NOx increases the impacts by 4% and 
6%, respectively. Finally, the greatest variation is found in ME, where the NOx modelling 
shows a much larger influence, increasing ME by 17%. 
 
 Italian Barley Production  
As seen in the Danish case study, the inclusion of NOx emissions only affects four 
impacts categories (see Figure 5b). POF is affected by 7.1% (BS) and 4.8% (AS), and 
ME by 0.5% (BS) and 2.2% (AS). The effects on TA and TE are negligible. Overall, the 
influence of NOx is quite small both in BS and AS. 
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Figure 5 Results of the sensitivity analysis exploring type of fertilisers (SA1) and NOx 
emissions (SA2), for the Danish (top) and the Italian case studies (bottom) [Only 
affected impact categories are shown. Results are scaled to fit, factors in x-axis should 
be multiplied by values of each impact; impacts acronyms can be seen in section 
2.4] 
 
3.3 Comparison of the environmental impact of Barley production in Europe 
In order to validate the results of this study, a comparison with available secondary 
data was performed, using datasets from Agrifootprint 1.0 (Blonk Agri-footprint BV, 
2014). The study has considered barley production from the following countries: 
Germany (DE), France (FR), Belgium (BE), Ireland (IR) and United Kingdom (UK), 
considering economic allocation for co-products 
 
Figure 6 shows that Italian and Danish systems are within the range of other European 
producers. The Italian barley production has the lowest CC with 265 kg CO2 eq./t and 
the highest POF with 1.39 kg MNVOC eq., across all the countries considered. The 
Danish barley production shows the lowest impacts in seven out of 11 categories; 
specifically in HTCn (4.6 10-6 CTUh/t) and HTCnc (8.6 10-5 CTUh/t), AC (8.3 molc H+ 
eq./t), TE (35.1 molc H+ eq./t), FE (98.7 g P eq.), ME (3.35 Kg N eq./t) and FET (0.029 
CTUe/t). Moreover, it also has the highest OD (19.2 mg CFC-11 eq./t) across all the 
countries.  
 
Overall, only five impact categories estimated in this study are out of the range. In the 
case of OD and POF, the Italian and Danish barley systems show much higher values 
(4.6 and 1.9 times, respectively); the reason might be related to the agricultural field 
operations, the main contributors to these impacts. In the HTn, HTnc and FET, this study 
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exhibits impacts much lower than the average European, between 3 to 26 times lower 
scores. Again, the reasons are related to the agricultural practices as field operations 
and agricultural inputs (fertilisers, pesticides and seeds use).  
 
Finally, it is interesting to note that in the case of TA, TE and ME, the impacts are greatly 
affected by the modelling options (BS and AS), the scores move out from the range if 
different modelling options are applied. For instance, the highest impact scores, 
modelled by BS, are closer or within the range of the other European barley producers, 
however the lowest scores, calculated using AS, are lower than the range. This is 
especially true in the case of the Danish barley, which might support the theory of 
overestimation of certain emissions due to modelling options. 
 
This analysis highlights how climate conditions, agriculture practices as well as 
emissions modelling are key issues when agriculture systems are assessed.
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Figure 6 Comparison of the environmental of barley production between the current study and other European countries [All impacts 
express per 1 tonne of barley; the results from both modelling options (BS and AS) are displayed using error bars; DE: Germany, FR: 
France, BE: Belgium, IR: Ireland, UK: the UK; source Agrifootprint 1.0 (Blonk Agri-footprint BV, 2014) ] 
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3.4 Recommendations for LCA practitioners  
As discussed, the selection of the fertilisers and pesticides models does affect the 
environmental impacts estimated for agricultural systems, which in this case is Danish 
and Italian barley. In particular, fertilisers’ emissions models greatly affect the 
environmental burden associated to CC, TA, TE and ME, as these categories strongly 
depend on nitrogen emissions. The impact on FET is instead affected by pesticides’ 
emission and, consequently, by the selection of the emission models.  
 
Through the case studies, it is seen the importance of the different agricultural 
practices and how they influence the results. The agricultural practices refer to the 
field operations carried out (type of machine, number of repletion and diesel fuel 
consumption), and the type and amount of fertilisers and pesticides used. All these 
factors are in part dependant on the pedo-climatic characteristics of the region of 
interest. Actions to reduce the environmental impact could involve, as shown in this 
study, the type of fertilisers applied and the optimization of their rate. However, as also 
seen in this study, the use of 100% mineral fertilisers would beneficiate some impact 
categories, in particular, those associated with nitrogen emissions, but also depending 
on the emission models, worsens some others. Therefore, the selection of the critical 
impacts will depend on the stakeholder’s criteria, which would influence the 
management option toward impacts reduction. 
 
To provide consumers and policy makers with reliable information on the 
environmental performances of food systems, LCA studies need to include all the 
relevant emissions outputs. In the case of pesticide emissions, consensus on the 
harmonization of LCI and LCIA modelling is going to be reached soon (Rosenbaum et 
al. 2015), meanwhile in the case of fertilisers, a consensus is still missing on a globally 
applicable model for calculating emissions. In the case of N emissions from fertiliser 
application, the main challenge is their quantification. Considering that primary data 
are usually unavailable, estimation tools are needed. In this regards, when different 
models are combined, the main issue is to prevent double counting of emissions. 
Guidance is therefore needed on which emissions should be included and which 
model should be applied to avoid double counting. Most of all studies on cereals 
include N2O, NH3, NOx and NO3 emissions (Niero et al. 2015a,b, Fedele et al. 2014, 
Hamelin et al. 2012, Dijkman et al. 2016); meanwhile others do not consider the 
contribution from NOx, (Noya et al., 2015; Bacenetti et al., 2016b). Completeness in 
the LCI modelling of N emissions should be complemented by proper quantification 
of the impact pathways, for instance by the use of recent development in LCIA 
models for marine eutrophication (Cosme et al. 2015; Cosme and Niero, 2017; Cosme 
and Hauschild, 2016; Woods et al. 2016).  
Concerning the impact related to pesticide application, LCA results should be 
complemented with other evaluation methods (e.g. risk assessment) before 
conclusions on corresponding risk levels for human health can be drawn. 
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Finally, this study can be used as a reliable source for other LCA studies, under Italian 
or Danish conditions, where barley is used as input to a broader LCA study e.i. beer, 
feed for food-producing animals or barley for human consumption, among many 
other products or systems. 
 
4 Conclusions 
This study has analysed the influence of the fertilisers and pesticides’ emissions 
modelling options on the environmental impacts assessment of barley production, 
using as case studies Danish and Italian barley. The results show that the modelling 
options do affect the environmental burden of barley production, in particular CC, 
TA, TE, ME, FET, as these categories strongly depend on nitrogen and pesticides 
emissions. The most affected categories are ME, with variations up to 89%, and TA and 
TE, which vary around 60%. The smallest variations are seen in CC and FET, up to 15% 
and 45%, respectively. In the case of the scenario analyses, the main finding is that 
although including NOx emissions in the model does make LCA inventories more 
accurate, the results showed that on average the affected impact categories vary 
by ~7% maximum, except for POF which increases by up to 18%.  
 
The use of models such as Brentrup (2000) and PESTLCI 2.0 (Dijkman et al. 2012) allows 
delivering more robust results and lowers overestimation of impacts, however, if site-
specific data are not available, the conventional modelling practices as IPCC (2006) 
and Margni et al. (2002) still provide good estimates, in particular in widely used 
impacts as climate change. 
 
Finally, to provide consumers and policy makers with reliable information on the 
environmental performances of food systems, LCA studies need to include all the 
relevant emissions outputs; therefore, up-to-date guidelines on how to properly 
account for N emissions from fertiliser use need to be developed to get consensus 
about fertiliser emissions quantification and modelling practices, as done for 
pesticides’ emissions. 
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